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Abstract
The multilayer antimony-doped tin dioxide coating was obtained by cathodic deposition of multilayer
metal-hydroxide coating with near 100-nm thickness layers on the alloy underlayer accompanied by the anodic
oxidation of this coating. The potential regions of deposition of tin, antimony, tin-antimony alloy, and mixture of this
metals and their hydroxides in the pyrophosphate-tartrate electrolyte were revealed by the cyclic voltammetric
method. The possibility of oxidation of cathodic deposit consisting of tin and Sn(II) hydroxide compounds to the
hydrated tin dioxide in the same electrolyte was demonstrated.
The operations of alloy underlayer deposition and oxidation of multilayer metal-hydroxide coating were proposed to
carry out in the diluted pyrophosphate-tartrate electrolyte, similar to the main electrolyte.
The accelerated tests showed higher service life of the titanium electrode with multilayer antimony-doped tin dioxide
coating compared to both electrode with single-layer electrodeposited coating and the electrode with the coating
obtained using prolonged heat treatment step.
Keywords: Antimony-doped tin dioxide, Pyrophosphate-tartrate electrolyte, Multilayer coating, Electrodeposition,
Electrooxidation
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Background
SnO2-SbxOy coatings are used as a working coatings for
sensors [1], supercapacitors [4], electrodes in accumula-
tors [2], fuel cells [3], MEMS microheater devices [5],
electrochromatic displays, solar cells, and other optoelec-
tronic devices [6].
Dimensionally stable anodes are used in the processes
of electrochemical oxidation of organic substances. Man-
ufacturing such electrodes includes formation coating on
the titanium substrate. The coating should have high oxy-
gen evolution overvoltage. There are a few electrodes with
high oxygen evolution overvoltage [7, 8]. The lead and
tin dioxide coatings are among relatively inexpensive elec-
trode coatings. Besides, the tin dioxide is more effective in
reactions of phenol, bisphenol, and aniline oxidation [7].
There are several disadvantages of tin dioxide elec-
trode. It has low conductivity at room temperature, as
tin oxide is an n-type semiconducter. It has low stability
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at anodic polarization. The electrodes with antimony-
doped tin dioxide coating (ATO) possess low resistance,
high chlorine and oxygen evaluation overvoltage, high
exchange current in some test reactions, and phenol
removal rate being much higher than the rate on the
platinum and lead dioxide electrodes [8]. The oxida-
tion of organic substances on the SnO2-SbxOy is not
selective, allowing it to be recommended for multicom-
ponent wastewater purification [9]. The platinum and
ruthenium-titanium electrodes accumulate intermediate
products during removing of aromatic compounds from
wastewaters, while electrochemical destruction on the
antimony-doped tin dioxide electrode is full [10].
The active layer of doped tin dioxide can be deposited
on a titanium substrate by thermal decomposition of
the salt precursor [7, 11], metal sputtering, spin-coating
[12], evaporation, ultrasonic spray pyrolysis [13], and the
sol-gel method [14, 15]. Coatings with thick layers for
dimensionally stable anodes can be obtained by multiple
deposition of tin and antimony compounds by dip coating
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[15–17] or “paint brush” deposition [18] on the titanium
substrate with heat treatment of each layer.
The antimony-doped tin dioxide coatings produced
with the use of electrochemical stage possess better adhe-
sion to the titanium substrate. Thick ATO coatings are
deposited on the electrodeposited underlayer by immer-
sion method with heat treatment of each layer [19–23].
The entire coating can also be fully obtained by electro-
chemical method followed by thermal oxidation [24–26].
The final stage of nearly all known methods of forma-
tion of tin dioxide coating is the prolonged heat treatment
at a temperature of 450–600 °C. This stage is associated
with significant energy costs. During heat treatment, the
titanium dioxide film is formed on the titanium surface.
Therefore, despite the fact that the electrochemical step
allows obtaining coating with high adhesion to the tita-
nium substrate and the electrodes have a long service
life, the electrical resistance still increases during their
operation period.
The aim of this investigation was to obtain the anti-
mony-doped tin dioxide coating on titanium substrate
by electrochemical method not using durable stage of
thermal oxidation of the coating.
Methods
The investigations were carried out in pyrophosphate-
tartrate electrolytes. Composition of the electrolytes is in
Table 1. Electrolyte 1 is for tin electrodeposition, elec-
trolyte 2 is for antimony electrodeposition, and the elec-
trolyte 3 is for tin-antimony alloy electrodeposition. The
pH of the solutions was 6.5.
The kinetics lows of electrode processes was inves-
tigated using potentiostat PI 50-1.1. The results were
transferred from analog form to digital by means of the
two-channel voltmeter and TeleMax program for PC at
a rate of 20 signals per second. Cyclic voltamperograms
(CVA) were recorded at the scan rate of 5 mV s−1.
Themeasurements were carried out in a three-electrode
cell. The working electrodes were made of platinum (sur-
face area of 3 cm2) and titanium (area of the working
surface was 2 cm2) plates. The counter electrode was
made of platinum (in the case of CVA study) and tin (in
Table 1 Composition of electrolytes for coating
electrodeposition
Components of electrolytes 1 2 3
SnSO4, mol L−1 0.3 – 0.3
SbCl3, mol L−1 – 0.02 0.02
K4P2O7, mol L−1 0.9 0.9 0.9
KNaC4H4O6, mol L−1 0.1 0.1 0.1
Hide glue, g L−1 1 – 1
Hydrazine, g L−1 10 – 10
the case of metal-hydroxide coating electrodeposition).
The saturated Ag/AgCl reference electrode was used in
themeasurements. Titanium plates were cleanedmechan-
ically, degreased in a 40% potassium hydroxide solution at
80 °C, etched in 15% oxalic acid solution at 98 °C for 2 h,
and finally rinsed in distilled water.
The antimony-doped tin dioxide was formed on the
titanium substrate in three steps:
1) Electrodeposition of the underlayer of tin-antimony
alloy from dilute pyrophosphate-tartrate electrolyte
2) Electrodeposition of tin-antimony metal-hydroxide
layer in the main pyrophosphate-tartrate electrolyte
(Table 1, electrolyte 3)
3) Electrooxidation of metal-hydroxide layer in the
dilute pyrophosphate-tartrate electrolyte
At the first step, the tin-antimony alloy underlayer
was deposited from the diluted by five times main
pyrophosphate-tartrate electrolyte (Table 1, solution 3).
The pH of the dilute solution was 9.0. The current den-
sity was 2–3 mA cm−2. Then, the sample was moved
to the main operating bath (without rinsing) with the
pyrophosphate-tartrate electrolyte. The metal-hydroxide
coatings was formed there. After drying the deposit at
100–150 °C, it was oxidized in the diluted electrolyte at
the anodic current density of 8–10 mA cm−2.
The content of the metals in the coating was determined
my standard titrimetric method: tin content was deter-
mined by iodometric titration and antimony content was
determined by permanganate titration [27].
The accelerated life test was carried out in 0.5 mol L−1
H2SO4 solution at the anodic current density of
100 mA cm−2.
Results and Discussion
CVA in Pyrophosphate-Tartrate Electrolytes of Sn, Sb, and
Sn-Sb Alloy Electrodeposition
The CVA curves in the pyrophosphate-tartrate elec-
trolytes were obtained on platinum by scanning the poten-
tial in the cathodic direction first, and then, the deposited
layer was oxidized by scanning potential in the anodic
direction.
Figure 1a presents the cyclic voltamperograms in the
electrolyte for tin deposition(Table 1, electrolyte 1), which
were obtained by limiting the cathodic scanning at the
more andmore negative values of potential. Before−0.7 V
tin is not deposited on the platinum electrode, because
there are no peaks at the anode branch of CVA. After
scanning the potentials up to−0.8 V and up to−0.9 V, two
close peaks simultaneously appear on the anode branch
of CVA. The quantity of electricity correspondent to the
first peak stay almost constant when the cathodic border
of the range of potentials scan is getting lower. Presum-
ably, this is due to the formation of tin compounds on
the deposit surface. These compounds are the result of
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Fig. 1 CVA on Pt in the electrolyte for tin deposition with different
cathodic borders of the range of potential scan (a) and potential
delay for 100 s (b). The borders of cathodic scanning and potential
delay are represented in the figure
the initial dissolution of tin, which was deposited during
cathodic period.
The height and area of the second peak increase with
increasing of amount of deposited tin. At this peak, tin is
dissolved in the form of tin pyrophosphate complexes, in
which it is in the oxidation level of +2. After tin deposi-
tion at the limiting current (cathodic border of the range
of potential scan is −1.2 V), the shoulder appears on the
downward branch of the peak. It is associated apparently
with the formation of Sn(II) compounds passivating the
surface. At the more positive potentials, the third peak
appears on the anodic branch of the CVA curve. Accord-
ing to E-pH diagram at 6.5, only Sn(IV) compounds are
produced at the potential range of the third peak [28]. At
this peak, the cathodic deposit consisting of tin and its
hydroxide oxidizes with formation of Sn(IV) compounds.
Both soluble tin pyrophosphate complexes (with tin oxi-
dation level of+4) and insoluble compounds including tin
dioxide can be produced depending on the composition
and pH of the electrolyte.
Finally, at potential −1.4 V, tin reduction is accom-
panied by hydrogen evaluation. The additional quantity
of electricity for potential scanning to −1.4 V is almost
completely spent for formation of tin hydroxide. This con-
clusion can be drawn from the fact that the second peak
slightly changed, according to the partial current of tin
deposition on the cathodic branch, and the third anodic
peak substantially increased.
Figure 1b presents the CVA curves with potential delay
at the potentials of cathodic border for 100 s. There
were no peaks on the anodic branch of CVA curve after
cathodic potential scan to−0.7 V. Though after the poten-
tial delay at this potential tin accumulates, that leads to
appearance of the second peak on the anodic branch of tin
dissolution. The cathodic deposit accumulated for 100 s
at −0.9 V does not contain tin hydroxide, because there
is no third peak on the anode branch of CVA. After the
delay for 100 s at −1.4 V, the third peak exists and it has
large area. During the delay at the potential of −0.9 V, the
current drops and the coating is light and compact. At the
fixed potential of −1.4 V, the current increases indicating
that the surface development is due to incorporating of
hydroxide compounds.
According to the data at Fig. 2a, it can be estimated the
boundary of the potential scan, after which the process
of tin hydroxide compound incorporation begins: after
potential scanning in the cathodic direction to −1.0 V,
the third anodic peak is absent on the CVA, though after
potential scan to −1.1 V, the third peak appears.
Figure 2b presents the CVA on platinum in electrolyte
for the antimony electrodeposition (Table 1, electrolyte
2). Anodic peak of its dissolution appears after poten-
tial scanning to −0.75 V. By moving the boundary of
the potential scan to more negative potential values, the
height of this peak and its area increase. After potential
scanning to −1.2 V (where there is the limiting cur-
rent region and hydrogen starts to evaluate), the shoulder
appears on the rising branch of the anodic peak. Due
to the hydrogen evaluation during antimony electrode-
position, its hydroxide compounds incorporate into the
cathodic coating and current increases at the potential
region of shoulder on the anodic peak.
The potential scan to -0.7 V (inset in the Fig. 2c) in
the pyrophosphate-tartrate electrolyte for alloy deposition
(Table 1, electrolyte 3) shows small peak of antimony oxi-
dation at the anodic branch of the CVA. After potential
scanning to −0.8 V (Fig. 2c), anodic peak is also observed
only in the region of antimony dissolution potentials. The
area under this peak is large due to the larger amount
of antimony was deposited at the cathodic period. The
coating obtained at −0.9 V already contains tin as the
anodic peak on CVA branch presents in region of tin
dissolution potentials. Furthermore, the surface Sn(IV)
compounds appear in the region of third peak potentials.
After potential scanning to −1.0 V, the peaks height of
tin oxidation to oxidation level of +2 and +4 increase
significantly.
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Fig. 2 CVA on Pt in the electrolyte for tin (a), antimony (b), and
tin-antimony alloy (c) deposition. Inset shows the enlarged region of
current density. The borders of cathodic scanning are represented in
the figure
Electrochemical Formation of Antimony-Doped Tin
Dioxide on Titanium
Two types of antimony-doped tin dioxide coating were
deposited. We will refer them “single layer” (Fig. 3a)
and “multilayer” (Fig. 3b) coatings. Both coatings were
deposited on the tin-antimony alloy underlayer to
increase the adhesion of the coating to the titanium
substrate. For that, the alloy was deposited on the
titanium from diluted electrolyte similar to the main
bath (Table 1, electrolyte 3). In this diluted electrolyte,
the polarization of alloy deposition is higher than the
polarization of the main electrolyte. Moreover, the pH
of diluted electrolyte was increased to 9.0 raising the
part of more stable deprotonated complexes in it. The
Fig. 3Microphotographs of the surface of ATO of “single layer” type
(a) and “multilayer” type (b)
antimony to tin ratio of the content in the sublayer alloy
is 1:16.1.
In the case of the first type of coating, a single-layer
coating, the metal-hydroxide layer was deposited from
the main bath under galvanostatic regime at the current
density exceeding the limiting value for alloy deposition
(30 mA cm−2). The antimony to tin ratio of the con-
tent in single metal-hydroxide layer is 1:10. In the case of
the second type of coating (multilayer), multilayer metal-
hydroxide coating with near 100-nm thickness layers was
deposited by single-bath technique under galvanostatic
two-impulse regime. At the first pulse (25 s) the current
density was below the limiting current (10 mA cm−2)
leading to electrodeposition of compact alloy layers. At
the second pulse (15 s), the current density was higher
than the limiting current (40 mA cm−2); therefore, the
mixture ofmetals and hydroxides was deposited. The anti-
mony to tin ratio of the content in the alloy layers of
the multilayer coating is 1:8.6, and in the hydroxide lay-
ers, the ratio is 1:11.6. For using soluble tin anode in the
concentrated electrolyte, the anodic current density must
not exceed current value of the second peak of CVA.
At the potentials of this peak, tin is oxidized to oxida-
tion level of +2 in the form of soluble pyrophosphate
complexes.
The third stage (electrooxidation of metal-hydroxide
coating) of formation of both coating types was carried
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out in diluted electrolyte again. Previously, the samples
with single-layer and multilayer metal-hydroxide coatings
were air dried. This results in shifting of their open-circuit
potential in diluted electrolyte towards higher values,
leaving the region of potentials of active tin dissolution in
the form of Sn (II) compounds. In order to allow the tar-
get process of tin compound transformation to oxidation
level of +4 in dilute electrolyte, the open-circuit potential
of the inserted for anodic treatment samples with metal-
hydroxide coating should be above 0.2 V. Electrooxidation
was carried out until the open-circuit potential stabilizes
in the electrolyte.
Accelerated Service Life Test of the Antimony-Doped Tin
Dioxide Electrodes
The time of degradation of the titanium electrode with
multilayer antimony-doped tin dioxide coating under con-
dition of accelerated test in the test medium of sulfuric
acid is higher compared to both single-layer coating (by
1.5–1.7 times, Fig. 4) and coating obtained using pro-
longed heat treatment step (by 2–3 times, [19]). This is
apparently associated with diminishing of rate of growth
of the low-conductivity titanium dioxide film due to the
electrodeposition of alloy underlayer. Besides that, the
protective properties of the coating become stronger due
to presence of alternating layers in the multilayer coat-
ing [29] due to the overlapping of the channels (pores) by
which the test solution comes to the substrate. Addition-
ally, the multilayer coating is more stable (compared to the
single-layer coating) in the slightly alkaline medium dur-
ing the testing of its catalytic activity in the reaction of
phenol oxidation [30].
Fig. 4 Accelerated service life test curves of electrodes with ATO
single- and multilayer coatings in the 0.5 mol L−1 H4SO4 at the
anodic current density of 100 mA cm−2
Conclusions
The analysis of CVA obtained on platinum in the
pyrophosphate-tartrate electrolytes for tin, antimony,
and tin-antimony alloy deposition revealed the anodic
response to the incorporation of hydroxide compounds
in the cathodic deposit in all cases, allowing separation
of potential areas of active dissolution of these metals
and formation of hydrated oxides on the surface of the
coatings. From the electrolyte for the tin-antimony alloy
electrodeposition, the antimony deposits at the potential
range from −0.7 to −0.8 V. Then, tin incorporates in the
deposit, and at the potential of −0.9 V, hydroxides start to
include in the coating. Oxidation of Sn (II) compounds to
Sn(IV) takes place at the potentials over 0.25 V.
Due to the identity of the qualitative composition of
the two electrolytes used, the main and diluted, the steps
of coating formation are carried out without intermedi-
ate rinsing operations. This saves water and chemicals
and reduces the number of operating steps. There is
no need in the prolonged heat treatment of the coating
that leads to the energy saving in the process of coating
formation.
Accelerated life tests showed the higher resistance
under anodic polarization of titanium anode with
multilayer ATO coating obtained in the pyrophosphate-
tartrate electrolyte, compared to both single-layer coat-
ing and coatings obtained using the prolonged heat
treatment step.
Authors’ contributions
AM conceived and designed the study and carried out the experiments, data
analysis, and paper writing. BB participated in the paper writing. All authors
read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 31 December 2016 Accepted: 6 February 2017
References
1. Wang Y, Mu Q, Wang G, Zhou Z (2010) Sensing characterization to NH3 of
nanocrystalline Sb-doped SnO2 synthesized by a nonaqueous sol-gel
route. Sensor Actuator B 145:847–853
2. Santos-Pena J, Brousse T, Sanchez L, Morales J, Schleich DM (2001)
Antimony doping effect on the electrochemical behavior of SnO2 thin
films electrodes. J Power Sources 97–98:232–234
3. Lee KS, Park IS, Cho YH, Jung DS, Jung N, Park HY, Sung YE (2008)
Electrocatalytic activity and stability of Pt supported on Sb-doped SnO2
nanoparticles for direct alcohol fuel cells. J Catal 258:143–152
4. Wu NL (2002) Nanocrystalline oxide supercapacitors. Mater Chem Phys
75:6–11
5. Spannhake J, Helwig A, Muller G, Faglia G, Sberveglieri B, Doll T, Wassner
T, Eickhoff M (2007) SnO2:Sb—a new material for high-temperature
MEMS heater applications: performance and limitations. Sensor Actuator
B 124:421–428
6. Giraldi TR, Escote MT, Maciel AP, Longo E, Leite ER, Varela JA (2006)
Transport and sensors properties of nanostructured antimony-doped tin
oxide films. Thin Solid Films 515:2678–2685
7. Maov X, Tian F, Gan F, Lin A, Zhang X (2008) Comparison of the
performances of Ti/SnO2-Sb, Ti/SnO2-Sb/PbO2, and Nb/BDD anodes on
electrochemical degradation of Azo dye. Russ J Electrochem 44:802–811
Maizelis et al. Nanoscale Research Letters  (2017) 12:119 Page 6 of 6
8. Kotz R, Stucki S, Carcer B (1991) Electrochemical waste water treatment
using high overvoltage anodes. Part I: physical and electrochemical
properties of SnO2 anodes. J Appl Electrochem 21:14–20
9. Stucki S, Kotz R, Carcer B, Suter W (1991) Electrochemical waste water
treatment using high overvoltage anodes. Part II: anode performance and
applications. J Appl Electrochem 21:99–104
10. Li X, Cui Y, Feng Y, Xie Z, Gu J (2005) Reaction pathways and mechanisms
of the electrochemical degradation of phenol on different electrodes.
Water Res 39:1972–1981
11. Montill F, Morallon E, Vazquez JL (2005) Evaluation of the electrocatalytic
activity of antimony-doped tin dioxide anodes toward the oxidation of
phenol in aqueous solutions. J Electrochem Soc 152:B421–B427
12. Asim S, Yin J, Yue X, Shah MW, Zhu Y, Li Y, Wang C (2015) Controlled
fabrication of hierarchically porous Ti/Sb-SnO2 anode from honeycomb
to network structure with high electrocatalytic activity. RSC Adv
5:28803–28813
13. Yao P (2011) Effects of Sb doping level on the properties of Ti/SnO2-Sb
electrodes prepared using ultrasonic spray pyrolysis. Desalination
267:170–174
14. Niu J, Maharana D, Xu J, Chai Z, Bao Y (2013) A high activity of Ti/SnO2-Sb
electrode in the electrochemical degradation of 2,4-dichlorophenol in
aqueous solution. J Environ Sci 25(7):1424–1430
15. Duan T, Wen Q, Chen Y, Zhou Y, Duan Y (2014) Enhancing electrocatalytic
performance of Sb-doped SnO2 electrode by compositing
nitrogen-doped graphene nanosheets. J Hazard Mater 280:304–314
16. Duan Y, Wen Q, Chen Y, Duan T, Zhou Y (2014) Preparation and
characterization of TiN-doped Ti/SnO2-Sb electrode by dip coating for
orange II decolorization. Appl Surf Sci 320:746–755
17. Watts RJ, Wyeth MS, Finn DD, Teel AL (2008) Optimization of Ti/SnO2-
Sb2O5 anode preparation for electrochemical oxidation of organic
contaminants in water and wastewater. J Appl Electrochem 38:31–37
18. Kong H, Huang W, Lin H, Lu H, Zhang W (2012) Effect of SnO2-Sb2O5
interlayer on electrochemical performances of a Ti-substrate lead dioxide
electrode. Chin J Chem 30:2059–2065
19. Ding HY, Feng YJ, Lu JW (2010) Study on the service life and deactivation
mechanism of Ti/SnO2-Sb electrode by physical and electrochemical
methods. Russ J Electrochem 46:72–76
20. Shao D, Li X, Xu H, Yan W (2014) An improved stable Ti/Sb-SnO2 electrode
with high performance in electrochemical oxidation processes. RSC Adv
4:21230–21237
21. Wang Y, Fan C, Hua B, Liang Z, Sun Y (2009) Photoelectrocatalytic activity
of two antimony-doped SnO2 films for oxidation of phenol pollutants.
Trans Nonferrous Met Soc China 19:778–783
22. Fan CM, Hua B, Wang Y, Liang ZH, Hao XG, Liu SB, Sun YP (2009)
Preparation of Ti/SnO2-Sb2O4 photoanode by electrodeposition and dip
coating for PEC oxidations. Desalination 249:736–741
23. Ding H, Feng Y, Liu J (2007) Preparation and properties of Ti/SnO2-Sb2O5
electrodes by electrodeposition. Mater Lett 61:4920–4923
24. Duan Y, Chen Y, Wen Q, Duan T (2016) Fabrication of dense spherical and
rhombic Ti/Sb-SnO2 electrodes with enhanced electrochemical activity
by colloidal electrodeposition. J Electroanal Chem 768:81–88
25. Duan Y, Chen Y, Wen Q, Duan T (2016) Electrodeposition preparation of
cauliflower-like Sb-SnO2 electrode from DMSO solution for the
electrochemical dye decolorization. RSC Adv 6:48043–48048
26. Hu F, Cui X, Chen W (2010) Pulse electro-codeposition of
Ti/SnO2-Sb2O4-CNT electrode for phenol oxidation, Electrochem.
Solid-State Lett 13:F20–F23
27. Scherrer JA (1938) Determination of arsenic, antimony, and tin in lead-,
tin-, and copper-base alloys. J Res Nat Bur Stand 21:95–104
28. House CI, Kelsall GH (1984) Potential-pH diagrams for the Sn/H2O-Cl
system. Electrochim Acta 29(10):1459–1464
29. Maizelis AA, Bairachniy BI, Trubnikova LV, Savitsky BA (2012) The effect of
architecture of the Cu/(Ni-Cu) multilayer coatings on their microhardness.
Functional Materials 19(2):238–244
30. Maizelis AA, Bairachniy BI, Pistunova ES, Trubnikova LV (2014) The
electrochemical formation of SnO2-SbxOy coatings. Proc Int Conf
MicroCAD-2014 2:291
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
